An investigation involving seven boars, active in artificial insemination, and 1,350 multiparous sows was conducted at a private farm and aimed at examining the relationship between sperm quality traits and boar fertility in terms of farrowing rate and litter size. This experiment was done for 6 months. The semen samples were evaluated for subjective sperm motility and concentration. Ejaculates with at least 1 × 10 8 sperm/mL and 70% sperm progressive motility were extended with a commercial medium to 30 × 10 6 sperm/mL and used for artificial insemination (AI). AI dose was 100 mL semen containing 3 × 10 9 spermatozoa. Aliquots of diluted semen were assessed for live morphologically normal spermatozoa (LMNS, eosin-nigrosin stain exclusion assay) and sperm chromatin instability (SCI, acridine orange assay). 
Introduction
Artificial insemination (AI) contributes highly to the development of worldwide swine production, making the impact of the male in reproductive efficiency of the pig herds more crucial [14] . In commercial farms, routine examination of boar semen is performed aiming to predict the male's fertility. In general terms, boar sperm assessment includes the determination of concentration, viability, motility and spermatozoa's morphology. In addition, a number of semen manipulation techniques are available to improve the spermatozoa's fertilizing ability [15] . Since fertilization is a complex process involving a huge number of events, fertility research must not only devise more predictive laboratory tests, but also properly combine the results of different assays aiming to predict male fertilizing ability, as spermatozoa should satisfy many requirements for successful fertilization [17] . However, studies in domestic animals showed that these semen characteristics were often not significantly correlated to fertility, while the most valid assessment of boar semen quality is to obtain viable pregnancies and normal offspring following AI. In some cases, characteristics such as having a normal sperm head or tail morphology [10] and progressive forward motility [9, 12] had a positive relationship with boar fertility, but not in other cases [24] . Furthermore, sperm DNA chromatin integrity has recently been studied as a cause of male subfertility is [1] . Sperm chromatin is a compact formation which differs from somatic cells in structure and composition. It is the most tightly condensed eukaryotic DNA, at least six times more condensed than the DNA in mitotic chromosomes [22] . Moreover, a high incidence of semen nuclear chromatin instability is associated with reduced breeding efficiency of the boars [8] . Previous studies reported that the evaluation of classical seminal parameters, under commercial conditions, allows the identification of ejaculates with poor fertility potential, but does not have high efficiency in predicting field fertility. We hypothesize that the combined evaluation with a non routine assessed sperm characteristic could present a higher predictive value. Because of no trials have evaluated the predictive value of combining sperm morphology parameters and chromatin instability on farrowing rate and litter size, the aim of the present study was to investigate the relationship between these sperm quality traits and boar field fertility.
Materials and Methods

Chemical reagents
Sperm nuclear chromatin integrity was evaluated by acridine orange dye (Sigma Aldrich, USA). Sperm morphology was evaluated by eosin (Sigma Aldrich, USA) -nigrosin stain (Merck, Germany).
Semen collection and processing
Seven boars (8∼26 months old) were used in this study, which was conducted in a commercial farm, over a period of six months. The boars were housed under the same conditions, according to European Commission Directive for pigs' welfare (http://ec.europa.eu/food/animal/welfare/ farm/pigs_en.htm), and were routinely employed for AI. A sperm-rich fraction of ejaculates was collected by the 'gloved hand' technique and was assessed in the farm sperm laboratory. Ejaculates with sperm concentrations greater than 1 × 10 8 sperm/mL and 70% sperm progressive motility were extended with a commercial medium (M III; Minitüb, Germany) to 30 × 10 6 sperm/mL and used for AI.
Evaluation of semen parameters
Aliquots of diluted semen were assessed for live morphologically normal spermatozoa (LMNS) by eosin stain exclusion assay and sperm chromatin instability by the acridine orange test (AOT), as described by Chalah and Brillard [6] and Tejada et al. [20] , respectively. Spermatozoa with normal head shape, tail and no cytoplasmic droplets were classified as spermatozoa with normal morphology. AOT measures the susceptibility of sperm nuclear DNA to acid-induced denaturation in situ by quantifying the metachromatic shift of acridine orange fluorescence from green (native DNA) to red (denatured DNA). Acridine orange dye stains normal double-stranded DNA green and denatured single-stranded DNA red [19] . Slides were examined under a fluorescence microscope (BX41; Olympus, Japan) equipped with a digital camera and image analyzer computer software (U-TV 0.35. C-2, Imaging Software System GmbH for Windows; Olympus, Japan). Two hundred spermatozoa per slide were assessed in ten different optical areas for determination of percentage of sperm chromatin instability (SCI).
Artificial insemination
In this study 1,350 multiparous sows were involved. Each sow was checked for heat twice a day. Once detected in standing heat, sows were further stimulated by back pressure and inseminated twice, 12 h and 24 h after the standing heat. Each AI dose was 100 mL of semen containing 3 × 10 9 spermatozoa.
Fertility data analysis
The farrowing rate (% of bred sows that farrowed) and the litter size (total number of piglets born alive in a litter) of the pig farm were recorded and analyzed.
Statistical analysis
Data were analysed according to the statistical procedures described by Petrie and Watson [16] in addition to a statistical package (SPSS 11.01.1; SPSS, USA). One-way ANOVA models were used to test the effect of boar on sperm quality traits and number of live piglets per parturition. If ANOVA showed significant differences among means (main effects), a planned multiple comparison of means was examined by Duncan's multiple range test. The variation among farrowing rates of boars was examined by chi-squared analysis. Sperman's rank correlation coefficients were used to examine the relationships between sperm traits and boar fertility. Differences were considered significant at p ＜ 0.05. Table 1 shows the in vivo performance of tested boars. Farrowing rates following AI with different tested boar sperm varied (p ＜ 0.001) from 59.3 to 88.92%. However, the number of live piglets produced by AI with different boar sperm did not differ significantly among boars. The mean values of LMNS (47.2∼76.5%) and SCI (0.16∼4.67%) differed significantly among boars (Table  2) . LMNS (r = 0.79, p ＜ 0.05) and SCI (r = 0.90, p ＜ 0.02) accounted for 62.2 and 81.7% of the variability in farrowing rates, respectively. When sperm traits were combined, the relationship between the percentage of LMNS with stable chromatin structure and farrowing rate was significant (r = 0.86, p ＜ 0.05). Conversely, the number of live piglets per parturition was not significantly correlated with sperm quality attributes ( Table 3) .
Results
Discussion
The results of this study showed that the farrowing rate differed among boars used for AI, but not the litter size. The weak relation between these two parameters (farrowing rate and litter size) were in agreement with the findings of previous studies [14] , indicating that these characteristics may be affected differently by the boars' semen quality. Moreover, the high farrowing rate is not always relative to high litter size, as observed in boar number 5 and number 7 of the present study. This suggests that farrowing rate and litter size are important indicators for herd's productivity, but cannot evaluate boar's fertility without the quantification and assessment of sperm characteristics. On the other hand, Gadea et al. [11] reported that the evaluation of seminal parameters allows the identification of ejaculates with low fertility potential, but could not efficiently predict field fertility. The aforementioned causes support the theory that probably no classical sperm parameters could predict the farrowing rate and litter size. Our results showed significant differences of live morphologically normal sperm among boars, in agreement with a previous study [3] in which some boars were excluded from the experiment due to the high percentage of sperm morphological abnormalities. Concerning the relationship between sperm morphology and field fertility, previous studies reported significant correlations in bulls [4, 13] . Alm et al. [3] concluded that boar semen morphology has a limited positive predictive value for field fertility, while it could be useful for the routine examination of young boars before they are placed into the regular AI collection scheme. Although an inverse correlation was observed between fertility and morphological abnormalities, Waberski et al. [21] addressed that morphology could facilitate boar selection for AI because it provided information for the efficiency of spermatogenesis. Moreover, Xu et al. [23] found a significant correlation between normal morphology and litter size, but no effect on farrowing rate. However, the litter size was considered to be the most sensitive indicator, which had a strong relation with sperm morphology in the study by Alm et al. [3] .
According to previous reports, pregnancy rate and litter size are also affected by sperm DNA damage [7] . Moreover, sperm DNA damage has been associated with infertility, early pregnancy loss and genetic abnormalities in the offspring [18] , and stopping embryo development at the 4 or 8 cell division stage [2] . Boe-Hansen et al. [5] studied the relationship between boar sperm chromatin structure integrity with field fertility and reported that differences in litter size can be observed with thresholds as low as 2.1 or 3.0% for sperm DNA fragmentation in liquid stored boar semen. The study of Boe-Hansen et al. [5] was the first study that tried to correlate DNA fragmentation with litter size using a flow cytometric method, while the farrowing rate was not determined. In our study, we confirmed a strong correlation between the farrowing rates with live normal sperm and stable deoxyribonucleic acid complex after the combination of sperm traits.
In order to improve the reproductive performance of the swine herd, many studies support including sperm DNA evaluation to required examinations. Due to the difficulty of assessing sperm chromatin integrity, it is almost impossible to involve this in the routine seminal tests in commercial farms. However, it could be applied periodically in swine herds in cooperation with a laboratory or more frequently in the boars of the AI centers.
In conclusion, boar fertility after AI with freshly diluted semen can be predicted based upon the evaluation of sperm morphology and chromatin integrity.
